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I. Introduction
The purpose of this study was to expand on previous analyses of the mass and volume characteristics of fuel cell systems, 1, 2 and in particular look specifically at smaller power fuel cell systems that could potentially be used for Lunar and Mars portable power exploration applications. Part of this study is an initial assessment of storage techniques for the hydrogen and oxygen used by the fuel cell system.
II. Background
The heart of a fuel cell is an electrochemical "cell" that combines a fuel and an oxidizing agent, and converts the chemical energy directly into electrical power. A "stack" of cells is usually employed in applications. For this paper, only primary fuel cells are considered. Primary fuel cells like primary batteries are not electrically rechargeable; however unlike primary batteries, primary fuel cells are capable of being "recharged" by simply refilling the reactant storage tanks. This allows the primary fuel cell to continue to produce power. Secondary fuel cells (also referred to as regenerative fuel cells) use hydrogen and oxygen and produce water and electrical power. Secondary fuel cells like secondary batteries are rechargeable. To recharge a secondary fuel cell an external power source is used to electrolyze the water to replenish the hydrogen and oxygen. Figure 1 shows a conceptual diagram of primary and secondary fuel cells.
The amount of energy stored in the fuel and oxidant per unit mass is large compared to the energy stored in a typical battery. Unlike batteries, fuel cells generally do not store their fuel and oxidizer within the cell stack, but instead fuel and oxidizing agent are stored externally to the stack. Because of this characteristic, the energy capacity of a fuel cell power system is determined by the size of the fuel tanks, whereas the size of the fuel cell stack determines the power level. This situation is analogous to an automobile where the size of the fuel tank dictates how far you can drive, whereas the size of the automobile engine determines how fast you can drive. For space applications with long discharge times, the mass of the fuel cell and other process units is small compared to the mass of stored fuel, oxidant and tankage. This is the realm where fuel cells are most competitive on an energy per unit mass basis.
III. Analysis of Small Portable Fuel Cells for Exploration Missions
Fuel cells have been used for manned space vehicle power generation. These fuel cells have had power generation rates of 2 to 12 kilowatts and have used hydrogen and oxygen from cryogenic storage tanks. This analysis, while applicable to high power fuel cells, was done to address fuel cell systems within a power generation range of 0.1 to 1 kilowatt and discharge times of 24 hours or less. These types of primary fuel cell systems are envisioned to potentially play a role in portable power generation for exploration. The kinds of portable power applications are for use on small unmanned rovers, light construction equipment, small re-locatable power systems, and power for astronaut suits. Unlike previously used fuel cell systems where the fuel tanks were not refilled, the hydrogen and oxygen tanks of these small fuel cell systems will be refilled multiple times. For the purpose of this study only Proton Exchange Membrane (PEM) fuel cell systems were analyzed.
Fuel cell systems were analyzed to determine key metrics. A previous analysis of fuel cells for space science applications 2 took into account the reactants, the reactant containment and the fuel cell stack, but not any ancillary equipment. The method of reactant containment that was previously analyzed was limited to pressurized gas storage. This study expands on the previous study by including the mass and volume of ancillary equipment, and also by expanding the reactant storage methods to include options other than pressurized gases. The water produced during power generation was assumed to be collected and recycled by other exploration systems rather than vented to space.
A. Fuel Cell System Mass Power Density and Energy Density
One of the key comparison metrics for fuel cells is power density, measured in watts per kilogram. This is the power delivered by the fuel cell divided by the mass of the fuel cell.
Where ρ P = Power Density, watts/kg P = Output Power, watts Rewriting the right-hand side of Eq. (1),
Where ρ F = Fuel Power Density, watts/kg ρ S = Stack Power Density, watt/kg ρ T = Tankage Power Density, watt/kg ρ A = Ancillary Equipment Power Density, watt/kg ρ I = Insulation/Packaging Power Density, watt/kg
The appendix of this paper contains a detailed derivation of the mathematical expressions for the each of these power densities. The substitution of these mathematical expressions into Eq. (2) provides an overall expression of the power density of primary fuel cell systems using high pressure gaseous storage (which is Eq.(3)), or primary fuel cell systems using supercritical or cryogenic storage (which is Eq.(5)). The energy density of primary fuel cell systems is the fuel cell power density multiplied by the discharge time (Eq. (4) for high pressure gaseous storage or Eq.(6) for supercritical or cryogenic storage).
[ ] 
B. Fuel Cell System Volumetric Power Density and Energy Density
Expressions similar to that developed for mass were developed for volumetric power density and volumetric energy density. The volumetric power density for fuel cells can be expressed as: Equation (7) can be rewritten as: The appendix of this paper contains a detailed derivation of the mathematical expressions for the each of these volumetric power densities. The substitution of these mathematical expressions into Eq. (8) provides an overall expression of the volumetric power density of primary fuel cell systems using high pressure gaseous storage (which is Eq. (9)), or primary fuel cell systems using supercritical or cryogenic storage (which is Eq. (11)). The volumetric energy density of primary fuel cell systems is the fuel cell volumetric power density multiplied by the discharge time (Eq. (10) for high pressure gaseous storage or Eq. (12) for supercritical or cryogenic storage).
[ ] (9) to (12) can generally be described as performance parameters which are measures of the status of technology development. Part of this analysis was an assessment of what numerical values for each of these performance parameters could be used to credibly assess the potential of primary fuel cell systems for portable power exploration applications.
Fuel Cell Performance
The fuel cell polarization performance that was used in the analysis is shown in Figure 2 . The curve is generally reflective of high performance hydrogenoxygen PEM fuel cells, but is not intended to reflect the performance of any single fuel cell manufacturer. The energy efficiency of the fuel cell is the product of both the voltage efficiency and the current efficiency, but the current efficiency is generally very close to 100 percent except when fuel cells are operated at high internal pressure or when the ion exchange membrane is compromised. For this analysis the current efficiency was assumed to be 100%. The voltage efficiency of the fuel cell was taken as the ratio of the discharge voltage to the theoretical reversible cell voltage of 1.229 volts. The Current Density, mA/cm2 Cell Voltage, Volts performance curve shown in Figure 2 is based on an operating temperature of 80 °C and an operating internal pressure of 3.4 atm (50 psia). These conditions (or very similar conditions) are the conditions expected for portable fuel cell systems. Operating at lower temperatures and internal pressures will reduce the performance of fuel cells, but these variations were not addressed in this analysis. In section D of this paper plots were made of the fuel cell system power density and energy density where the energy efficiency of the fuel cell was varied to illustrate the sensitivity of the power and energy density to this parameter. In other cases where other parameters were varied a efficiency value of 0.65 was used as a representative efficiency.
Besides the electrochemical performance, the fuel cell stack's power density is strongly affected by the efficiency of its construction. Two performance parameters were defined to quantify this construction efficiency. These quantify the cell stack active area per kilogram of stack mass (A m ) and the cell stack active area per liter of stack volume (A v ). The greater the numerical value for these parameters, the greater the efficiency of construction. The best examples of low mass and low volume construction found by the author are listed in Table 1 (Refs. 3 to 7). Each of the examples are PEM hydrogen-air fuel cell stacks. While fuel cell systems for exploration will operate on hydrogen and pure oxygen, for the purposes of assessing stack construction, the assumption was made that the efficiency of construction of these hydrogen-air fuel cell stacks could be duplicated in a hydrogen-oxygen fuel cell stack. Most of the examples are for stacks producing 80kW or greater, yet one example is for a stack producing 0.67kW which is more in the power regime of interest for small portable fuel cell systems. In section E of this paper plots of the sensitivity of fuel cell system power density and energy density to variations in these two fuel cell parameters were made. In other cases where other parameters were varied values of A m = 2000 cm 2 /kg and A v =2400 cm 2 /liter were used as conservative estimates of light weight fuel cell stacks based on the data in Table 1 .
Reactant Storage Performance
Three different methods of hydrogen and oxygen storage were included in the analysis; high pressure gaseous storage, supercritical fluid storage, and cryogenic storage. Table 2 lists the properties of hydrogen and oxygen for the high pressure, supercritical, and cryogenic conditions used in the analysis. For cryogenic storage the reactants are in a liquid phase with a gaseous phase above the liquid phase when in a gravitational field. This, not surprisingly, (1) 63 (2) 3231 2377
is the lowest pressure and densest form of reactant storage which leads to the lowest volume and lightest weight fuel cell system. Cryogenic storage may not be well suited to portable fuel cell systems which are likely to experience accelerations that will cause sloshing of the stored reactant. This sloshing could make the control of this type of reactant system difficult. For other types of portable systems that would be set up and then remain stationary during their operation, cryogenic storage would likely be an optimal choice. Supercritical storage is the type of reactant storage used aboard the space shuttle. 8 Unlike cryogenic storage, the reactants are in a single phase, and so would not be susceptible to accelerations or the lack of a gravitational field. The storage pressure for supercritical hydrogen and oxygen is far less than the high pressure storage; so that the supercritical storage vessels are lower in mass compared to their high pressure counterparts. Even though the molar volumes are comparable between supercritical storage and 400 atm high pressure gaseous storage, the supercritical tanks are somewhat greater in volume due to the insulation jacketing required by the low temperature storage. Lastly, since the portable fuel cell systems are reliant upon the ability to refill the reactant storage tanks, the choice of reactant storage method is obviously dependent on the other exploration site infrastructure, and that infrastructure choice may be driven by factors other than the use of portable fuel cells. Table 3 lists examples of low mass composite wrapped pressure vessels for storing high pressure gaseous hydrogen and oxygen (Refs. 9 and 10). This type of tank construction typically uses a non-permeable metal liner which is wrapped with high strength carbon composite fiber embedded within an epoxy matrix. The performance parameter defined in this analysis for high pressure tanks is a figure-of-merit, µ, which is the product of the tank capacity and burst pressure divided by the dry mass of the tank. Table 3 lists different quality pressure vessels. Commercial-offthe-shelf (COTS) pressure vessels differ from State-of-the-art (SOTA) pressure vessels primarily in the thickness of the metal liner used to construct the tanks. The thicker liners used for COTS hardware improves the cycle life of the tank at the expense of greater mass. The SOTA hardware reduces the thickness of this liner to reduce the mass at the expense of cycle life. The SOTA hardware is typically used in space applications which are very mass sensitive and are not expected to experience many pressure cycles. Aluminum liners are most commonly used for composite wrapped tanks because aluminum is light and easily shaped into liners. Inconel, while considerably heavier than aluminum is much better suited for high pressure oxygen storage because of its resistance to combustion in a high pressure, pure oxygen environment. In section D of this paper plots of the sensitivity of fuel cell system power density and energy density to variations in these pressure vessel parameters were made. In other cases where other parameters were varied values of µ H = 2500 atm-liter/kg and µ O = 1300 atm-liter/kg were used as representative of light weight pressure vessels, based on the data in Table 3 . The maximum storage pressure and the safety factors were used to calculate the burst pressure of each of the storage tanks. The safety factor used for the hydrogen and oxygen composite wrapped pressure vessels was 1.5. The density of the composite material used in the analysis was 1.80 gm/cm 3 (Ref.
11)
The tank mass and tank volume associated with the supercritical fluid storage and the cryogenic storage was data generated internally at the NASA Glenn Research Center. Insulation for the tanks was included as part of the mass and volume of the tanks. The plots of that data are shown in the Appendix. These tanks were sized assuming a safety factor of 2.0, a 1.3 cm (0.5 in.) thick vacuum jacket filled with multilayer insulation, a five percent tank ullage, and a tank accessory mass equal to 25 percent of the total tank mass.
It was assumed that the water produced by the fuel cell system would be stored as a liquid. The molar volume for water is 0.018 liter/mole which is much lower than either hydrogen or oxygen. The fuel cell system was assumed to operate at relatively low pressure (3 atm or less), so the pressure of the stored water was also assumed to be similarly low pressure. Data for this type of water storage was obtained from beverage bottle manufacturers and is plotted in Table 4 (Ref. 12). The range of tank sizes goes up to 2 liters which represents about 4000 to 6000 watthours of fuel cell energy production. These types of bottles are often made of polyethylene terephthalate (PET) and have burst pressure of 10 atm. 
Fuel Cell System Ancillary, Insulation/Packaging Performance
The mass of the ancillary equipment for a fuel cell system is very difficult to rigorously estimate. For the purposes of this study the fuel cell system ancillary equipment was assumed to include all fluidic, electrical, and electronic equipment necessary for the fuel cell system to deliver power. It was assumed that any equipment associated with the control and use of the power produced by the fuel cell system was to be considered part of an overall electrical power system, and not as fuel cell system ancillary equipment.
There is little data to derive estimates for the constants k A (the ancillary equipment factor, kg/watt) and k I (the packaging/insulation factor, dimensionless). The data that was used comes from the space shuttle powerplant. The shuttle power plant produces a peak power of 12kW. It's mass is 122 kg, of which, 73 kg is the combined mass of the three fuel cell substacks. The remaining 49 kg is the mass of the ancillary equipment, the insulation around the fuel cell substacks, and the supporting packaging structure. Since no further breakdown of the 49 kilograms was available, an estimate was made that the mass was evenly split between the ancillary equipment and the insulation/packaging (i.e., 24.5 kg of ancillary equipment and 24.5 kg of packaging/insulation). Based on this, k A would be approximately 0.002 kg/watt (or 24.5kg/12kW). Also, based on space shuttle powerplant, the packaging and insulation are estimated to be about 24.5kg/(122-24.5) or about 25 percent of the combined fuel cell stack mass and ancillary equipment mass. It was assumed in the analysis that the 25 percent of the fuel cell stack, ancillary equipment, and reactant storage mass would comprise the total mass of insulation and packaging (i.e., k I = 0.25). For the supercritical and cryogenic tanks the insulation mass and volume were included as part of the tank mass and volume and not accounted for separately. The sensitivity of the fuel cell system power end energy density to these parameters was included as part of this analysis. 
D. Fuel Cell System Power Density and Energy Density Analysis Results
The power density of a 200W nominal power fuel cell system is plotted in Figure 5 using Eqs. (3) and (5) and the performance parameters listed in Table 5 . Curves are plotted for gaseous storage using different values for the fuel cell stack energy efficiency. Curves at 65 percent efficiency are also plotted using supercritical and cryogenic storage. The horizontal asymptote in each curve represents a situation where the fuel cell stack is the predominant mass component. This is because as the discharge time gets shorter and shorter the fuel cell stack mass stays the same while the reactant storage tanks get smaller and smaller. As the discharge time gets longer the power from the fuel cell stack stays the same while the mass of the reactant storage tanks gets larger so the overall power density eventually approaches zero. The effect of the different fuel cell energy efficiencies is most prominent at short discharge times where the stack mass is the predominant mass. The effect of the efficiency is best seen by looking at the family of curves for high pressure gaseous storage. As the efficiency increases the power density decreases. The reason for this is that in order to achieve greater efficiency the fuel cell stack must operate at lower current density, thus to achieve the same power level the active area must be increased which results in a bigger stack. The same power out of a larger and larger cell stack results in a lower and lower power density. It should also be noticed that as the discharge time gets longer the effect of fuel cell energy efficiency becomes smaller.
The energy density of a 200W nominal power fuel cell system is plotted in Figure 6 using Eqs. (4) and (6) and the performance parameters listed in Table 5 . Curves are plotted for gaseous storage using different values for the fuel cell stack energy efficiency. Curves at 65 percent efficiency are also plotted using supercritical and cryogenic storage. Each of the curves starts to plateau as Discharge Time, hr Power Density, watt/kg ne= 70% Hi Pressure ne= 68% Hi Pressure ne= 66% Hi Pressure ne= 64% Hi Pressure ne= 62% Hi Pressure ne= 60% Hi Pressure ne= 65% supercritical ne= 65% cryogenic the discharge time gets longer and the reactant storage tanks are the predominant mass components. The differences between the three methods of reactant storage on energy density become prominent when the discharge times exceed a few hours with cryogenic storage being the most energy dense followed by supercritical storage and then high pressure gaseous storage. For the small portable fuel cell application where the discharge time exceeds a few hours the choice of fuel storage is of much greater consequence than the fuel cell stack efficiency. For discharge times between 2 and 24 hours a fuel cell system using cryogenic storage is between 60 and 120 percent more energy dense than one using high pressure gaseous storage. Similarly, supercritical storage is between 30 and 60 percent more energy dense than high pressure gaseous storage. The effect of the efficiency on energy density is best seen by looking at the family of curves for high pressure gaseous storage in Figure 6 . At discharge times of less than 10 hours, as the efficiency increases, the energy density decreases. This effect is a reflection of the difference in fuel cell stack mass, with more efficient cell stacks being bigger. Beyond 10 hours, the effect of efficiency is reversed. Beyond 10 hours, the energy density increases as the efficiency increases for a given discharge time. This effect is a reflection of the difference in fuel mass out weighing the difference in fuel cell stack mass. The more efficient the fuel cell system, the less mass in fuel and storage tanks that is required which results in a more energy dense system. Figure 6 also shows that for discharge times exceeding two hours fuel cells appear capable of higher energy densities than state-of-the-art secondary lithium batteries which are < 150 watt-hr/kg ( Ref. 13 ). Figure 7 plots energy density on the horizontal axis and power density on the vertical axis for a 200W nominal power fuel cell system. This plot clearly shows the effect of discharge time on the energy and power density of fuel cells. As the discharge time gets longer and longer, the fuel cell stack mass has a negligible effect, the reactant storage tanks predominate and the energy density reaches a limit dictated by the performance of the reactant tanks. As the discharge time gets shorter and shorter, the reactant storage tankage mass becomes negligible, the fuel cell stack mass predominates, and the power density reaches a limit dictated by the performance of the fuel cell stack. Figure 8 plots the volumetric power density of a 200W nominal power fuel cell system as a function of discharge time using Eq. (7). Curves are plotted for gaseous storage using different values for the fuel cell stack energy efficiency. Curves at 65 percent efficiency are also plotted using supercritical and cryogenic storage. As was the case with the mass analysis, the greatest volumetric power density occurs when the fuel cell stack, the power-producing component, occupies most of the volume. The volumetric power density is greatest when the fuel cell stack operates at the lowest efficiency (the highest current density) which makes the cell stack the smallest. As the discharge time gets longer, more and more of the volume is occupied by the reactant storage tankage, and the volumetric power density falls off. Figure 9 plots the volumetric energy density of a 200W nominal power fuel cell system as a function of discharge time. Curves are plotted for gaseous storage using different values for the fuel cell stack energy efficiency. Curves at 65 percent efficiency are also Discharge Time, hr Volumetric Energy Density, watt-hr/liter ne=70% ne= 68% ne= 66% ne= 64% ne= 62% ne= 60% ne= 60% supercritical ne= 60% cryogenic plotted using supercritical and cryogenic storage. As was the case with the mass analysis, as the discharge time gets longer and longer, the reactant tanks occupy more and more of the overall volume of the fuel cell. Since the reactant storage is the energy storage component, the volumetric energy density continues to increase. Figure 9 illustrate that at discharge times greater than 2 hours cryogenic storage has substantially better volumetric energy density than either of the other reactant storage methods. The supercritical storage, which clearly has mass energy density advantage over high pressure gaseous storage, does not have a similar advantage when comparing volumetric energy density. To the contrary, supercritical storage has a lower volumetric energy density (i.e., it will occupy more volume) than the high pressure gaseous storage option for discharge times less than 30 hours. This difference decreases as the discharge time gets longer (i.e., the storage tanks get larger) because supercritical storage has an advantage over high pressure gaseous storage when the molar volumes are compared (see Table 2 ). The effect of energy efficiency can be seen by looking at the family of curves for high pressure gaseous storage. At discharge times less than 3 hours the fuel cell system with the lowest efficiency (i.e., the smallest cell stack) has the greatest volumetric energy density, but beyond 5 hours the fuel cell system with the highest efficiency (i.e., the smallest reactant tanks) has the greatest volumetric energy density. Figure 10 plots volumetric energy density on the horizontal axis and volumetric power density on the vertical axis for a 200W nominal power fuel cell system. This plot shows that high pressure gaseous storage is generally more volume efficient than supercritical storage, but generally not as volume efficient as cryogenic storage when the discharge times exceed about 2 hours. The volumetric energy density of fuel cells using high pressure gaseous storage or supercritical storage is lower than state-of-the-art lithium batteries which have battery volumetric energy densities exceeding 200 watt-hr/liter (Reference 13). The volumetric energy density of fuel cells with discharge times greater than 5 hours, and that use cryogenic storage is about equivalent to lithium ion batteries.
E. Analysis Sensitivity Results
In addition to obtaining the results using the assumed values for the performance parameters, plots were made using values of the performance parameters both higher and lower than those assumed in Table 5 . The purpose of this was to examine the sensitivity of the energy density to changes in performance parameters. Figures 11 and 12 plot the fuel cell power and energy density while varying the fuel cell stack performance parameters, A m and A v . In both figures the middle yellow curve used the value of the performance parameter listed in Table 5 . Figure 11 shows that for a variation of A m of 3 to 1, and for a discharge time of 5 hours, the energy density varies from about 300 to 500 watt-hr/kg (a variation of about 66 percent). Figure 12 shows that for a variation of A v of 3 to 1, and for a Volumetric Energy Density,watt-hr/liter Volumetric Power Density, watt/liter ne=70% ne= 68% ne= 66% ne= 64% ne= 62% ne= 60% ne= 65% supercritical ne= 65% cryogenic discharge of 5 hours, the volumetric energy density varies from about 160 to 180 watt-hr/liter (a variation of about 10 percent). The reason that the volumetric energy density does not vary significantly is that the fuel cell stack does not occupy a significant overall percentage of the fuel cell system volume. The variation in A m has a greater effect because the fuel cell stack is a substantial portion of the overall percentage of the fuel cell system mass. Figure 13 plots the fuel cell system power and energy density while varying the values used for the figure-ofmerit, µ, for the high pressure hydrogen and oxygen tanks. The values for µ were varied ± 25 percent from the nominal values listed in Table 2 . As might be expected, the effects of variations in µ are most noticeable at discharge times exceeding 5 hours. For discharge times exceeding 5 hours each curve is "below the knee" and is on the more vertical asymptotic portion where the tankage mass is the predominant mass of the fuel cell system. For these longer discharge times it will be very important to have very efficient tank construction. Figure 14 plots the fuel cell system power and energy density while varying the storage pressure of the high pressure reactant storage. The purpose of this plot was to examine the effect of the storage pressure on the volumetric power and energy density, and to relate these effects to the other reactant storage options. For discharge times exceeding 5 hours, cryogenic storage offers the lowest volume solution. For those very mobile portable power applications where cryogenic storage may not be workable, high pressure gaseous storage of 400 atmospheres or greater offers the next lowest volume solution. Supercritical storage offers the lowest volume solution for those applications unsuitable for cryogenic storage, the discharge time exceeds 5 hours, and where the reactant pressure is limited to 200 atmospheres or less. In general, cryogenic or high pressure gaseous storage offers the lowest volume solutions. For small portable power applications where cryogenic storage is not suitable, the choice between high pressure gaseous storage and supercritical storage appears to come down to a trade between mass and volume. If mass is more constrained, supercritical storage is favored. If volume is more constrained, high pressure gaseous storage is favored. Figure 15 plots the power and energy density while varying the ancillary equipment performance parameter. Since there was little data available to address this portion of the fuel cell system, the purpose of this plot was to assess the effect that a substantial difference in the value of k a (the ancillary equipment factor) might have on the overall energy density of the fuel cell system. The value of k a is varied from 0.001 to 0.004 kg/watt. The impact of this 4:1 variation is most prominent at discharge times of less than 2 hours where the effect is a 30 percent or greater change. For discharge times of 5 hours or greater the effect on energy density is a 25 percent change or less. Until more data is available, this portion of the fuel cell system will continue to have the greatest uncertainty. Many of the portable power applications will have operational durations exceeding 5 hours so the impact of this uncertainty is less than if the operational time were 2 hours or less. 
IV. Conclusions
The analysis of power density and energy density of fuel cells, lead to the following conclusions: 1) Hydrogen-oxygen PEM fuel cells appear to offer a lower mass approach than state-of-the-art batteries for portable power applications where the discharge time exceeds 2 to 3 hours. The mass savings will vary depending on the discharge time and the method of fuel cell reactant storage. This preliminary study indicates that fuel cell systems have the potential for energy densities of >400 W-hr/kg when the discharge times exceed 3 to 5 hours. This level of performance makes fuel cells attractive as portable high-power density, high-energy density sources for exploration missions.
2) Hydrogen-oxygen PEM fuel cells using high pressure gaseous storage or supercritical storage occupy more volume than state-of-the-art batteries. A volumetric energy density of >150 W-hr/liter is possible for fuel cell systems using high pressure gaseous storage if the discharge time exceeds 3 hours. For fuel cell systems using cryogenic storage, if the discharge time exceeds 5 hours, the volumetric energy density is comparable to lithium ion batteries. The volumetric energy density will vary depending on the discharge time and the method of fuel cell reactant storage.
3) Cryogenic hydrogen and oxygen storage appears to be the most mass and volume efficient of the methods analyzed. Supercritical storage is more mass efficient than high pressure gaseous storage, but occupies more space than high pressure gaseous storage. The choice of reactant storage method will also depend on other factors such as cooling (supercritical and cryogenic storage could potentially offer some cooling whereas gaseous storage would not). Also cryogenic storage may not be compatible with systems anticipated to have accelerations that could cause "sloshing" of the liquid cryogens. Availability of the type of reactant on the lunar or Martian surface will also be a deciding factor. The reason for writing Eq. (2) is that it is instructive to keep track of the individual contributions to the overall power density of each part of the fuel cell system.
Fuel Power Density
Using the quantity E/t d as the output power, the fuel power density can itself be rewritten as:
Where E = Actual Energy Output, watt-hr t d = Discharge Time, hr
The actual energy output can be thought of as the product of the theoretical maximum energy output multiplied by the energy conversion efficiency.
Where ξ = Theoretical Energy Output, watt-hr η e = Energy Conversion Efficiency, dimensionless
The symbol, η e combines both voltage and current efficiency into a single energy conversion efficiency. Substituting Eq. (4) into equation (3) : 
Fuel Cell Stack Power Density
The PEMFC stack power density can be expressed as: 
Fuel Cell System Reactant Storage Power Density
The reactant storage power density can be written as:
For most primary fuel cell systems the mass of the reactant storage is the mass of the hydrogen and oxygen tanks. Since the water is envisioned to be stored and ultimately recycled, the mass of the water tank is also then included in the mass of the reactant storage tank mass. The mass of reactant storage can be expressed as: The mass of the hydrogen, oxygen, and water tanks are expressed as:
The storage tank burst pressure is related to the maximum operating pressure by a safety factor, expressed as: The volumetric capacity of the hydrogen, oxygen and water tanks are expressed as: The molar volumes of hydrogen and oxygen are used because above 70 atmospheres of pressure the ideal gas law is not sufficiently accurate to model the pressure, volume, and temperature relationship.
The tanks are sized based upon the maximum required capacity. It was also assumed that the maximum number of moles of hydrogen to be stored is equal to the maximum moles of water to be stored. Similarly, the maximum moles of oxygen to be stored are equal to one-half the maximum moles of water to be stored. Expressing this mathematically,
Substituting Eqs. (13), (14), (15), (19), (20), (21), and (22) into Eq. (9),
The number of moles of water can be expressed as: The tank mass associated with the supercritical fluid storage and the cryogenic storage was data generated internally at the NASA Glenn Research Center. Insulation for the tanks was included as part of the mass and volume of the tanks. The plots of that data are shown in Figures A1. These tanks were sized assuming a safety factor of 2.0, a 1.3cm (0.5 in) thick vacuum jacket filled with multilayer insulation, a five percent tank ullage, and a tank accessory mass equal to 25 percent of the total tank mass. The parametric equations for the supercritical and cryogenic tank mass shown in Figure A1 The reciprocal of the tankage power density that uses supercritical and cryogenic storage can be expressed as:
Taking the reciprocal of Eq. (30) yields the tankage power density for supercritical and cryogenic storage.
Fuel Cell System Ancillary Equipment Power Density
The ancillary equipment of a fuel cell system is used to accommodate the requirements of the fuel cell stack. Higher power stacks require higher reactant flows, which, in turn, require larger fluidic components and plumbing to accommodate increased flows and heat rejection requirements. Higher power fuel cell stacks require higher power (larger) electronics and wiring. On the other hand, the mass of the ancillary equipment does not seem particularly influenced by the amount of reactant used, but rather it seems more influenced by the rate at which that reactant is used. Based on these general observations, it appears reasonable to conclude that the greater the fuel cell system power the more massive the collection of ancillary equipment, and that the mass of ancillary equipment is relatively independent of the size of the reactant storage. Since the true relationship between the power of the fuel cell system and the mass of its attendant ancillary equipment is unknown, a linear approximation was assumed to be adequate for the range of fuel cell systems being considered in this study. This relationship can be expressed as: 
Fuel Cell System Packaging/Insulation Power Density
The mass associated with the packaging and insulation for the fuel cell system is similarly difficult to estimate. It was assumed that items such as insulation and structural mass used to insulate and mount the fuel cell system were included. It was assumed that the mass of this portion of the fuel cell system could be estimated as a constant portion of the mass of all other fuel cell system components. That is, as the sum of the mass of the reactants, reactant tanks, fuel cell stack, or ancillary equipment increases, the mass of the insulation and packaging would proportionally increase. This is expressed as:
Where k I = Packaging/Insulation Factor, dimensionless Equation (34) can be rewritten as:
Detailed Expression for Fuel Cell System Mass-Based Power and Energy Density
Substituting Eqs. (6), (7), (25), (33), and (35) into Eq. (2) and developing expressions for the fuel cell system power density, and for supercritical or cryogenic storage the energy density is
Where ρ E = Energy density, watt-hr/kg
B. Fuel Cell System Power and Energy Density Based on Volume
Expressions similar to that developed for mass were developed for volumetric power density and volumetric energy density. The volumetric power density for fuel cells can be expressed as: 
Tankage Power Density
The tankage volumetric power density can be expressed as: 
The tank volume associated with the supercritical fluid storage and the cryogenic storage was data generated internally at the NASA Glenn Research Center. Insulation for the tanks was included as part of the mass and volume of the tanks. The plots of that data are shown in Figures A2. These tanks were sized assuming a safety factor of 2.0, a 1.3cm (0.5 in) thick vacuum jacket filled with multilayer insulation, a five percent tank ullage, and a tank accessory mass equal to 25 percent of the total tank mass.
The parametric equations for the supercritical and cryogenic tank volume shown in Figure A2 
Fuel Cell Stack Power Density
The fuel cell stack volumetric power density can be expressed as: 
Ancillary Equipment Power Density
The ancillary equipment volumetric power density can be expressed as: 
Void Space Power Density
The volumetric power density of the void space can be expressed as: 
Where γ E = Volumetric energy density, watt-hr/liter
